A growing interest in the mechanism by which iron is transported in the blood stream has been stimulated by the desire to understand more fully this essential phase of iron metabolism in the mammalian body. With the clarification of this important detail a more complete understanding of normal erythropoiesis and of the iron deficiency states may be anticipated.
Despite a wide variety of observations reported in the literature, an entirely satisfactory and acceptable experimental definition of the manner in which iron transportation is effected has not as yet been presented. A. B. Macallum (1), Ehrlich and Lazarus (2), and Proescher and Arkush (3) observed that histologically many erythrocytes give an iron reaction. They assumed, therefore, that free iron, not identified with the hemoglobin molecule, is present in at least a portion of the red cells. Macallum postulated that iron is transported by the etrythrocytes, and Proescher and Arkush further suggested that this may be accomplished through a loose combination with the lecithin of the erythrocyte corpuscular membrane. Other investigators (4 to 14) have studied the iron content of plasma and serum in the hope that some light might be shed on this problem of mineral transport, but their researches have not yielded conclusive information. Barkan (15, a and b) has assigned to the " easily split-off " blood iron fraction the function of iron transportation and considers plasma iron as the medium of exchange between the tissues and " easily 1 Presented in part before the twenty-eighth Annual Meeting of the American Society for Clinical Investigation, May 4, 1936 split-off " iron. Dominici (16) has stated his belief that serum iron, iron adsorbed to red cells, and the iron present in leukocytes, all constitute iron in the process of transportation by the blood stream.
The statement has been made in the first paper of this series (17) that according to current opinion, at least three different forms of blood iron must be considered: hemoglobin iron, plasma or serum iron, and " easily split-off " iron. The physiological function and the chemical nature of hemoglobin iron are well established; but for neither of the other two is this true (see Figure  1 ). That the small amount of iron present as such in normal serum (50 to 180 micrograms per cent for humans) is not dialyzable, and, therefore, is not in an ionized state, is known. Nothing else is certain. It is probably trivalent, is most likely in organic combination, and is present possibly as a complex ion. The two chief views relating to its function have been intimated in the preceding paragraph. The case for "easily split-off " iron is even more perplexing. It is so termed because it is readily separated by the action of dilute acids and bases from its lightly bound state within or in association with the erythrocytes. Different concentrations of hydrochloric acid, however, " splitoff" different amounts of iron (17) , and both sulfuric and nitric acids " split-off " considerably greater quantities than does hydrochloric acid. Barkan and Berger observed (18) that saturation of blood with carbon monoxide " bound " about 60 to 70 per cent of the total " easily split-off " iron fraction in such a way as to protect it from the dissociating action of hydrochloric acid. Barkan (19) has presented considerable experimental evidence tending to show that " easily splitoff " iron is an organic, non-hemoglobinous form of iron. He is of the opinion that it is intimately linked with the function of iron transport. 627 pg,.micrograms..
FIG. 1
Lintzel (20, a and b) on the other hand, has repeatedly been able to "split-off" equivalent amounts of iron from preparations of crystalline hemoglobin, and so has come to feel that " easily split-off " iron is dissociated from the hemoglobin molecule itself. In spite of the confused state of our knowledge concerning the source, chemical nature, physiological interrelationships, and actual identity of " easily split-off " iron, there can be no doubt that with the methods discussed in the preceding paper (17) a definite fraction of the blood iron, constant for any individual blood specimen, can be dissociated and accurately determined.
Since there are two forms of blood iron (serum iron and " easily split-off " iron) for which physiological functions have not been established definitely, it is logical to assume that, as, or in association with, one of them the transportation of iron in the blood stream may be effected. The present investigation represents an attempt to test the correctness of this assumption and to identify transport iron by following the responses both of the plasma and of the "easily split-off " iron values under the following conditions: 1, following various exogenous and endogenous stimuli which influence the rate of absorption of iron from the gastro-intestinal tract; 2, during variations in the rate of iron utilization by the bone marrow in its synthesis of hemoglobin; 3, with varying adequacy of the iron reserves in the body; and 4, in the presence of red cell destruction.
Effect of the oral administration of iron salts on plasma and " easily split-off" blood iron Thoenes and Aschaffenburg (12) Both of these men received 15 grams of iron and ammonium citrate in one dose; both had normal gastric acidity. The third patient was a 38 year old colored female with achylia gastrica and typical pernicious anemia in relapse. She failed to show an increase in her serum iron level after 4 grams of reduced iron alone, and also after 4 grams of reduced iron given with 30 cc. 1 N HCI. With the reduced iron increased to 6 grams and acidified, however, a 50 per cent increase over the basal serum iron value did occur. All three of these patients were acutely ill at the time the observations were made. Any reason otherwise for their failure to respond, as did the rest of the subjects, is not at present apparent.
The observation that, following the oral administration of iron salts, serum iron is the only iron fraction to increase significantly in the blood during the phase of intestinal absorption, is in agreement with certain in vitro observations of Starkenstein and Weden (14) and of Barkan (15, a; 22) . These workers added graded amounts of various of-the iron salts to whole blood in vitro and found that invariably all of the added iron could subsequently be recovered from the plasma; no increase in iron occurred in association with the cells. Barkan (22) further noted that when iron salts were added to plasma or whole blood outside of the body, the iron was changed so that it would no longer pass through a semi-permeable membrane-unless acidified. Similarly, in our experiments, the increased iron in the plasma presumably the result of absorption from the gastro-intestinal tract was in an unionized state and could not be dialyzed through a cellophane membrane. The iron fractions of the blood in iron deficiency states In the iron deficiency anemias of varied etiology, we have found the serum iron values (see Table I ) to be definitely lower (15 to 40 micrograms per cent) than the zonal range for normal. Similar results have been obtained by Locke, Main and Rosbash (11 ) in rabbits made anemic by repeated hemorrhages and in a few patients with iron deficiency anemias. Thoenes and Aschaffenburg (12) report low serum iron values in nutritional deficiency in children. Barkan (23) had opportunity to study the plasma iron level in 4.199 horses from the Serum Institute of Dorpot in whom anemias had developed following frequent bleedings over a long period. The plasma iron values in these animals were higher, not lower, than normal. What complicating factors, if any, such as liver or marrow damage, may have been present in these " serum-producing " animals to alter further their iron metabolism and thus cause the plasma iron levels to be high, are, of course, not known.
The " easily split-off " iron values, on the other hand, showed, in our series of cases, no consistent change. High normal as well as low and lower than normal figures were obtained. Barkan (15, a) observed that the oral administration of iron to rabbits for one to two weeks failed, with one exception, to cause any increase in the " easily split-off " blood iron. The exception occurred in the case of an animal whose initial " easily split-off " iron level was lower than the average (0.840 mgm. per cent); an increase to 1.400 mgm. per cent was obtained.
In order that the blood iron relationships in human iron deficiency states might be understood more completely than is possible from isolated single determinations 'in different patients, serial studies of serum and " easily split-off " iron were made in a number of selected individuals with hypochromic anemia over extended periods with and without iron therapy. The data from two representative cases is summarized in Figures 3 and 4 . The first of these ( Figure 3 ) presents the observations made on E. R., a young woman, 25 years old, with hypochromic microcytic anemia and hypochlorhydria. Following the oral administration of 6 grams of reduced iron in one dose, her serum iron rose from its initial low level of 40 micrograms per cent to a peak value slightly over 500 micrograms per cent. After this initial observation, the patient was placed on a daily dose of 4 grams of iron pyrophosphate. A reticulocyte response (to 6 per cent) beginning on the sixth day of therapy was observed, and the hemoglobin gradually rose from its initial level of 9 grams per 100 cc. to 13 crease was in line with the previously mentioned observation by Barkan (15, a) that animals with initially low " easily split-off " blood iron values may show a rise to normal under the influence of oral iron medication, whereas no change occurred in those in whom the level initially was within normal limits. The serum iron curve, however, proceeded quite independently and reached the normal zonal range for females only after an additional two weeks of therapy-at a time when both the mean corpuscular volume and the mean corpuscular hemoglobin concentration had likewise become normal. In other words, the plasma or serum iron did not return to normal until after the hypochromia of the red cells had disappeared, the iron deficiency state had been corrected, and the bone marrow had settled down to a more normal state of erythrocytogenesis.
Briefly, in the human iron deficiency states, plasma iron was found always to be low, while " easily split-off " iron was present in diminished to normal quantities. Indeed, in the moderate hypochromic microcytic anemias produced in three patients with polycythemia vera by therapeutic bleeding over a long period of time, the " easily split-off " iron values were frequently in the higher portion of the normal zonal range. Under the influence of iron therapy, plasma iron values returned to normal as the mean corpuscular hemoglobin concentration increased to normal and as the state of iron deficiency was corrected. When the initial "easily split-off" blood iron level was low, a return to the average was effected by iron therapy; otherwise, no change occurred.
Acute hemorrhage The opportunity was afforded us on one occasion to observe the serum iron level in a middleaged physician several days following massive hemorrhage from a previously " silent " duodenal ulcer. At that time, the serum contained 71 micrograms per cent of iron. Two days later, however, the value had fallen to 35 micrograms per cent. This stimulated us to follow the blood iron relationships under the influence of phlebotomy performed as a therapeutic measure in the treatment of patients with polycythemia vera. The data from one such set of observations, made on E. E., a 47 year old white woman with previously untreated polycythemia vera, are recorded in Figure 5 . During a four day period, 3450 cc. of blood were removed. The red cells fell from 10 to 6 million, the hemoglobin from 31 to 15 grams, and the hematocrit reading from 78 to 48 per cent. The serum iron level oscillated from 50 to 80 micrograms per cent for the first three days and then fell sharply to the low figure of 18 micrograms per cent. Determinations made during the subsequent two months showed a slight rise in the serum iron curve, but the lower limits of the normal zonal range were not reached. Relatively, a much smaller decrease in "easily split-off " iron (from 6.0 to 5.0 mgm. per cent) was noted during and immediately following this period of induced hemorrhages. The iron fraction continued its downward trend, however, throughout the rest of the period, and had fallen to 3,95 mgm. per cent at the end of that time.
In brief, within 48 to 96 hours following an acute hemorrhage, a fall in serum iron occurred to either a low normal or a lower than normal level. This change occurred at approximately the same time that the compensatory hyperplasia of erythroid elements in the bone marrow probably became evident. " Easily split-off " iron, however, showed no striking change at the time of hemorrhage, but fell slowly over a period of weeks thereafter. There was distinctly no correlation between the hemoglobin and the " easily split-off" iron curves.
Hypoplastic anemia The hypoplastic anemias have been of special interest in our attempt to locate and identify transport iron in the blood because, when uncomplicated by hemorrhage, there should be no deficiency of iron, and because an hypoplastic bone marrow obviously will utilize only small amounts of iron in hemoglobin synthesis. The concentration of transport iron in the blood stream should, therefore, tend to be high if the storage depots retain their ability to supply iron to the blood while the bone marrow becomes progressively less able to utilize it.
Serum iron in the five cases of hypoplastic anemia in our series was found to vary from a high normal value of 158 micrograms per cent upward to the abnormally high value of 313 micrograms per cent (Table I ). It will be noted that the highest figures obtained for serum iron were in the two cases of apparently " primary " aplastic anemia. It is of additional interest that when a remission developed in one of these patients (0. E.), his serum iron fell from its initial level of approximately 300 micrograms per cent to a normal value of 86 micrograms per cent, reflecting directly the increase in erythropoietic activity. " Easily split-off" iron was determined in only three cases. In two, the values were within normal limits; in the third (C. C.), they were below normal. (Figure 9 ), " easily split-off" iron was determined in addition to plasma or serum iron. The irregularity of the plasma iron curve-the initial fall occurred as usual-was due to a relative refractoriness to liver therapy. It will be noted that following both the second and the third administrations of liver, appreciable drops in serum iron were observed. The important thing in this study, by contrast, was the failure of the " easily split-off " blood iron values to show any significant changes during the entire period of observation. G. H., the fifth case, a 22 year old white woman, presented herself during the third trimester of her fifth pregnancy with a severe anemia. The gastric acidity was normal but the diet had been grossly deficient in all essential elements including animal protein. The blood and bone marrow findings were typical of pernicious anemia with macrocytosis, megaloblastic hyperplasia, and a high serum iron. A deficiency of the " extrinsic factor" of Castle was the obvious etiological factor. When this deficiency was corrected through the institution of an adequate hospital diet supplemented by autolyzed yeast, a typical reticulocyte peak (49 per cent) was followed by a substantial increase in red cells and hemoglobin. Serial supravital differential cell counts of sternal bone marrow obtained by the puncture technique were made (Figures 10 and  11 ) in order to correlate the changes in bone marrow cellular equilibria with the re-equilibrations of blood iron. A precipitous fall in serum or plasma iron began within 24 hours following the institution of adequate therapy and occurred coincident with the rapid disappearance of the original megaloblastic predominance in the bone marrow. As the level of red cell maturation shifted further to the right, it became apparent that the rapid increase in normoblasts in the marrow paralleled the reticulocyte rise in the peripheral blood. As the rate of hemoglobin synthesis became accelerated, as the megaloblasts matured, the serum iron fell precipitously to the lower limits of normal. The "easily split-off" iron increased gradually from approximately 1.4 to 2.0 mgm. per cent (determined with 0.1 N HCl). It is interesting that the concentration of serum iron of the umbilical cord blood at the time of delivery was 247 micrograms per cent, while the serum iroti in a sample of the patient's blood taken at approximately the same time was only 58 micrograms per cent. Following delivery, the red cells of the mother continued on their upward trend ultimately reaching the five million level. The hemoglobin, however, tended to lag behind more and more until a definite hypochromia of the cells developed. Iron and ammonium citrate was then given for a period of 4 weeks during which time both hemoglobin and plasma iron returned to normal.
Pernicious anemia
During the greater part, at least, of the last trimester of this pregnancy, the serum iron was at a high level. Therefore, if serum iron is transport iron, as the present authors believe, the fetus was being well supplied with adequate amounts of the metal for storage in spite of the maternal anemia. Attention, likewise, is called again to the fact that the serum iron in the cord blood at birth was 247 micrograms per cent, while that in the mother's circulating blood was only 58 micrograms per cent. The infant at birth had only 4.2 million red cells and 15 grams of hemoglobin, but within 48 hours the red cells had risen (presumably as the result of dehydration) to nearly 7.0 million and the hemoglobin to above 20.0 grams. This high level was maintained for three days, and then the usual gradual fall in erythroid elements occurred. Within a month after birth, the red cells had decreased to 4 (25) reported that they had found the non-hemoglobin iron increased in pernicious anemia. Riecker (8, a) observed a high serum iron level in most of his cases and noted that after induced remissions these values returned to normal. Attention has been called (17) 642 however, to the fact that the serum iron values reported by Riecker are considerably higher than those obtained in more recent investigations. Dominici (16) obtained values for the "easily split-off " blood iron fraction of from 1.34 to 2.08 mgm. per cent (determined with H2SO4), values with which our own figures are in close agreement.
The hemolytic states In hemolytic states, another excellent opportunity for the study of iron in the blood is provided. With an increase in red blood cell destruction, a greater amount of iron from the released hemoglobin is poured into the blood stream for transportation to organs of storage, utilization, and excretion. At the same time, the erythropoietic elements in the bone marrow are stimulated to increased activity, and extract iron from the blood for the synthesis of hemoglobin at an unusually rapid rate. The amount of transport iron present in the blood at any given time must, consequently, depend on the balance which may be struck between these two abnormally stimulated mechanisms of hemolysis and erythrogenesis. One would expect, therefore, that single isolated determinations of the various forms of blood iron in patients presenting hemolytic phenomena would yield little valuable information-and such has proved to be the case. In patients with congenital hemolytic icterus, for instance, both serum and " easily split-off " iron values were found to lie within their respective normal zonal ranges (Table I) . Occasionally, the concentration of serum iron was a little higher than normal. Dominici (16) has reported " easily split-off " iron levels in three cases of hemolytic icterus. One of these was higher than was found in any of his control subjects; the other two were well within the limits for normal.
The detailed study of individual cases, on the other hand, has yielded most interesting confirmatory data. Following splenectomy in patients with congenital hemolytic icterus, an immediate fall in the serum iron level was noted (Table I ). In the instance of B. B., a young woman 26 years old, with congenital hemolytic jaundice (Figure 12 ), the serum iron immediately before operation was 160 micrograms per cent. Twenty minutes after splenectomy had been performed, the serum iron concentration had fallen to 80 micrograms per cent. This fall in serum iron level continued throughout the first two postoperative days until a low level of 30 micrograms per cent was reached. As the reticulocytes fell gradually from their preoperative high level, however, the serum iron again equilibrated, returning to within the normal limits. Following splenectomy, the abnormal destruction of erythrocytes abruptly ceased, and with this source of iron to the serum or plasma stopped, the serum iron decreased to the level at which it would have been preoperatively, because of the increased bone marrow activity, had not the spleen been pouring into the blood stream large amounts of iron from the released hemoglobin. As the bone marrow once more became capable of supplying an adequate number of erythrocytes, and normnal cellular equilibration was resumed, the serum iron returned to a normal level.
Another series of observations were made on E. S., a 46 year old white male with polycythemia vera, in whom intravascular hemolysis was produced by phenylhydrazine hydrochloride ( Figure  13 ). This patient, prior to the studies described here, had been treated by therapeutic phlebotomy. The red cells, consequently, were hypochromic, and the concentration of serum iron was low (25 to 40 micrograms per cent). During the period of most rapid hemolysis, characterized by a rapid fall in erythroid elements and by an increasing reticulocytosis, the serum iron increased to twice its basal level. " Easily split-off " iron decreased slightly with the drop in red cells, but remained constantly within the limits for normal. When the rate of hemolysis diminished and the red cells began again their upward climb, serum iron returned to its pre-therapy level.
The possibility of an exchange of iron between "Easily split-off " and plasma blood iron fractions
The strongest experimental evidence to support Barkan's hypothesis that " easily split-off" blood iron is transport iron and that the iron in plasma merely serves as the direct medium of exchange between it and the tissues comes from his reported observations to the effect that with the incubation of whole blood at 37.5°C. an increase We have repeated these observations on both dogs and human subjects (Table II) . With the former, " Liquoid " (La Roche) was used, just as in Barkan's experiments. Human blood was prevented from coagulating by being collected in flasks containing appropriate amounts of isotonic, iron-free potassium oxalate. Determinations of plasma iron were made both by digesting whole plasma in which the hemoglobin iron concentration had been estimated by the micro-benzidine method (17) , and by dialysis of the plasma through cellophane membranes and subsequent digestion of the dialysate. In no case have we been able to detect an increase in non-hemoglobin plasma iron after incubation of whole blood at 37.50 C. for 6 hours. If a transfer of iron from the " easily split-off " iron fraction to the plasma occurs, one would certainly expect it to be particularly manifest in cases of polycythemia vera in whom relative iron deficiencies had been produced by therapeutic bleeding. Under these circumstances, plasma iron was lower than normal, while "easily split-off " blood iron was either well within normal limits or at a high level. Our observations in normal animals and in normal human subjects have been supplemented with determinations in three such cases of polycythemia vera, and again no increase in non-hemoglobin plasma iron was observed.
It is not possible to argue that an exchange between the "easily split-off" and plasma blood iron fractions does not occur in vivo; but since such an exchange cannot consistently be demonstrated by in vitro observations, the possibility seems less probable.
SUMMARY
A brief summary of the changes effected in the plasma and " easily split-off " forms of blood iron by various endogenous and exogenous stimuli described in the experimental portion of this paper is given in Table III . Plasma or serum iron was found to be very labile. In the iron deficiency states, it was uniformly low. Under conditions of decreased red cell formation (e.g. hypoplastic anemia and pernicious anemia in relapse), it tended to be high. When the bone marrow was stimulated to unusually active erythrocytogenesis (e.g. following acute hemorrhage and liver induced remission in pernicious anemia), the plasma iron concentration was low. In the hemolytic states, the plasma iron was found to be in equilibrium between the amounts of iron being added to the blood stream as a result of the hemolytic process, and the amount being withdrawn by the hyperplastic bone marrow. When the equilibrium was disturbed by splenectomy in congenital hemolytic icterus, the plasma iron fell to a level consistent with the rate of rapid hemoglobin synthesis. During the most active period of a phenylhydrazine induced hemolysis, the plasma iron increased in value. Following the administration of single large doses of iron salts by mouth, the concentration of iron in plasma was increased frequently to from three to ten times its basal level. Plasma iron was affected by these various influences, in other words, exactly as one would expect transport blood iron to be affected. A single graphic representation of these interrelationships is presented in Figure 14 . " Easily split-off" blood iron, on the other hand, proved to be relatively stable. In the iron deficiency states, it was either normal or lower than normal. Under conditions of depressed hemoglobin synthesis and diminished erythrocytogenesis, it was just as likely to be low-normal as it was to be high-normal. No.significant changes occurred in the fraction in patients with pernicious anemia after liver therapy. " Easily split-off" blood iron was not obviously influenced by increased rates of red cell destruction, and it did not show true increases following the administration of single oral doses of iron salts. Iron therapy in patients with iron deficiency states and slightly low " easily split-off " iron values was attended by an increase in the "easily split-off" fraction to normal levels; but this increase was relatively independent of the changes in plasma iron and erythroid elements. Low values for " easily split-off " iron occurred primarily in those anemic states in which the circulating erythroid elements were markedly decreased (particularly with hemoglobin levels of less than 5.0 or 6.0 grams). However, it is obvious from the studies following acute hemorrhage and from those fol- lowing remissions induced by liver in pernicious anemia that no direct relationship holds between concentrations of hemoglobin and " easily splitoff " iron. Investigations aimed at defining more sharply the relationship, if any, between hemoglobin and "easily split-off" blood iron are in progress. An exchange of iron from the "easily splitoff " to the plasma iron fraction was not observed after incubation of unclotted blood at 37.5°C. for 6 to 8 hour periods. 2. The physiological function of "easily splitoff " blood iron remains yet to be defined. 2. Ehrlich, P., and Lazarus, A., Die Anaemie. Noth-
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